Background: Altered regulation of extracellular matrix remodeling by matrix metalloproteinases (MMPs) and tissue inhibitor of metalloproteinase (TIMP) may contribute to vascular complications in type 1 diabetes. We investigated associations between plasma MMP-1, -2, -3, -9, -10 and TIMP-1, and cardiovascular events and all-cause mortality in type 1 diabetic patients.
Background
The pathophysiological mechanisms leading to cardiovascular disease (CVD) in type 1 diabetes [1] have only been partly elucidated. Recent data suggest that altered regulation of extracellular matrix (ECM) remodeling by matrix metalloproteinases (MMPs) could play a role [2] . MMPs are proteases, which degrade ECM components in normal and pathological conditions. Increased plasma MMP-2, for example, has been associated with macrovascular disease by increasing vascular remodeling as well as thrombus formation [3, 4] . MMP production may be enhanced by hyperglycemia, pro-inflammatory mediators, reactive oxygen species and aldosterone [3] ; MMP activity is dependent on the number of MMPs and their inhibitors, such as tissue inhibitor of metalloproteinase (TIMP) and α2-macroglobulin [5] . In turn, increased activity of MMP-2 and MMP-9 is associated with lowgrade inflammation (LGI) [6] and endothelial dysfunction (ED) [7] , and increased MMP-9 levels have been associated with renal dysfunction [8] . Therefore, LGI, ED and renal dysfunction constitute potential pathophysiological mechanisms through which MMPs could lead to CVD.
Interestingly, higher plasma levels of MMP-2 and -10 have been observed in patients with type 1 diabetes compared to non-diabetic controls [9, 10] . In cross-sectional studies, individuals with type 1 diabetes and retinopathy or nephropathy showed significantly higher circulating levels of MMP-9 and -10 compared to individuals without these complications [10, 11] . These data support the concept that MMPs may play an important role in the development of CVD. In addition, several prospective studies in (mainly) non-diabetic individuals have shown independent associations between plasma MMP-2 [12] , MMP-9 [13] and TIMP-1 [14] and CVD, as well as associations between MMP-1 [15] , MMP-2 [12, 16, 17] and -3 [18, 19] and all-cause mortality. However, to our knowledge, no prospective studies have been reported on the associations between plasma MMPs or TIMP levels and CVD or all-cause mortality in type 1 diabetes.
In view of these considerations, we investigated associations, in type 1 diabetes, between plasma MMP-1, -2, -3, -9 and -10, and TIMP-1 and incident non-fatal and fatal cardiovascular events, as well as all-cause mortality, in a prospective study with more than 12 years of follow-up. In addition, we investigated the extent to which LGI, ED and renal dysfunction contributed to these associations.
Methods

Study population and design
In 1993, 199 type 1 diabetic patients with diabetic nephropathy and older than 18 years were enrolled in a prospective observational study at the outpatient clinic at Steno Diabetes Center. Diabetic nephropathy was defined as persistent macroalbuminuric [urinary albumin excretion (UAE) >300 mg/24 h] in at least two out of three previous consecutive 24-h urine collections, presence of retinopathy, and absence of other kidney or urinary tract disease. In addition, 192 normoalbuminuric diabetic patients (UAE <30 mg/24 h), matched for age, sex, and duration of diabetes, were enrolled for comparison [20] .
Patients with prior CVD (n = 24), who were lost to follow-up (n = 17), with end-stage renal disease at baseline (n = 7) and those with missing data on MMPs/TIMP-1 (n = 6) were excluded from the present analysis resulting in a total study population of 337 individuals. Patient selection and inclusion criteria have been described in detail elsewhere [21] . The study was approved by the local ethics committee, in accordance with the Helsinki Declaration, and all patients gave their written informed consent.
Baseline investigations
Commercially available ELISA kits were used to measure levels of MMP-1, MMP-2, MMP-3, MMP-9, MMP-10 and TIMP-1 in EDTA plasma samples [Human MMP 3-Plex Kit (for MMP-1, -3 and -9), Human MMP-2-Plex Kit (for MMP-2 and -10) and Human TIMP-1 Kit, MSD, Rockville, USA], according to the manufacturer's protocol. The MMPs were detected in both pro-and active form. TIMP-1 was detected in the active form. The intraand inter-assay coefficients of variation were 6.6 and 9.7% for MMP-1, 3.7 and 7.1% for MMP-2, 7.2 and 14.1% for MMP-3, 4.6 and 13.7% for MMP-9, 2.9 and 7.6% for MMP-10, and 5.1 and 7.4% for TIMP-1, respectively.
Other baseline measurements
Measurements of other biomarkers and risk factors have been described in detail elsewhere [20] . All clinical investigations were performed in the morning after an overnight fast. In 88% of the normoalbuminuric and 24% of macroalbuminuric patients antihypertensive medication was never prescribed. Patients using antihypertensive medication were asked to stop their antihypertensive and diuretic treatment eight days before the examination, but 15% of the 337 patients (27% in the nephropathy group) considered in our analyses did not comply with this recommendation.
Arterial blood pressure was measured twice, with an appropriate cuff size, following at least a 10-min rest in supine position. Mean arterial pressure (MAP) was calculated as [systolic blood pressure + (2*diastolic blood pressure)]/3. Body mass index (BMI) was defined as weight (kg) divided by height (m) squared. An ELISA was used to measure UAE from 24-h urine collections. Serum creatinine was determined by a kinetic Jaffé method and we estimated the glomerular filtration rate (eGFR) using the chronic kidney disease epidemiology Collaboration (CKD-EPI) equation [22] , after creatinine was IDMS standardized [23] . Patients were divided into three groups according to their smoking status: never, former or current smokers.
An in-house ELISA was used to determine high-sensitivity C-reactive protein (CRP) [24] and commercially available ELISA kits were used to measure plasma levels of secreted phospholipase A2 (sPLA2), interleukin-6 (IL-6), soluble vascular cell adhesion molecule-1 (sVCAM-1) and soluble intercellular adhesion molecule-1 (sICAM-1).
Follow-up and study end-points
All patients were followed up to the last visit at Steno Diabetes Center, until September 1st 2006, death (n = 83) or emigration (n = 3). All patients were traced through the national register during autumn 2006. When a patient died before 1 September 2006, the date of death was recorded and the primary cause of death was obtained from the death certificate, which was reviewed by two independent observers. Additionally, information from necropsy reports was included, when available. All deaths were classified as cardiovascular unless an unequivocal non-cardiovascular cause was established. At the end of follow up, non-fatal events were retrieved from patients' records at Steno Diabetes Center or other hospital records. The primary endpoint of this study was fatal or non-fatal CVD (i.e. myocardial infarction, percutaneous coronary intervention, coronary bypass grafting, amputation due to ischemia, vascular surgery for peripheral atherosclerotic disease and stroke). Ischemic heart disease was examined through a WHO questionnaire combined with an ECG [20] . In several patients, who were alive at follow-up and had more than one cardiovascular event during follow-up, the first event was used in the analyses. All-cause mortality was the secondary end-point.
Statistical analyses
All analyses were performed with SPSS version 20 for Windows (SPSS, Chicago, IL, USA). Triglycerides, UAE, CRP, IL-6, sPLA2, MMP-1, MMP-2, MMP-3, MMP-9, MMP-10 and TIMP-1 showed a skewed distribution and were log ℮ transformed prior to further analyses. Student's t or Chi square tests were performed for comparisons of baseline characteristics between groups, when appropriate. Cox proportional hazards regression models were applied to investigate associations between lnMMP-1, lnMMP-2, lnMMP-3, lnMMP-9, lnMMP-10 and lnTIMP-1 and study endpoints with adjustment for sex, age, duration of diabetes, HbA1c and nephropathyno nephropathy status (model 1). Further adjustments were performed for BMI, MAP, total cholesterol, smoking status, antihypertensive treatment and whether or not patients withheld their medication prior to baseline examinations (model 2). We used z-scores (in SD) of lnMMPs and lnTIMP-1 to enable direct comparisons between the strengths of the associations (if any) between the various markers and outcome measures.
An LGI score was calculated as the z-score of the average of the z-scores of lnIL-6, lnCRP, sICAM-1, and lns-PLA2 [2, [25] [26] [27] . Similarly, an ED score was calculated as the z-score of the average of the z-scores of sICAM-1 and sVCAM-1 [2, 26, 27] . We examined the cross-sectional associations between lnMMP-1, lnMMP-2, lnMMP-3, lnMMP-9, lnMMP-10 and lnTIMP-1, and renal function (i.e. eGFR and ln-UAE), the LGI score and the ED score using linear regression analyses. Further analyses with adjustment of the associations between MMPs and TIMP-1 and study endpoints for eGFR, and ln-UAE (model 3), LGI (model 4) and ED (model 5) were performed to evaluate the extent to which these pathophysiological processes could explain the associations between MMPs/TIMP-1 and study outcomes. Additionally, in case renal function does explain part of the association between circulating MMPs and TIMP-1 and outcome measures, the possible additional influence of decrease in eGFR over time will also be investigated. Finally, we investigated whether or not any such associations differed between patients with and without nephropathy or between men and women by adding interaction terms between nephropathy or sex and MMPs or TIMP-1 to the models. Whenever a p value <0.1 was observed, results were presented for both groups separately.
Results
Additional file 1: Figure S1 depicts the flowchart concerning patient selection. During a median follow-up of 12.3 years (interquartile range 7.7-12.5), 86 patients had a non-fatal (n = 54) or fatal (n = 49) cardiovascular event. Eighty-three patients died from various causes: cardiovascular (n = 49), diabetes (n = 4), infection (n = 13), cancer (n = 6), suicide (n = 4) and other (n = 7). Patients with a cardiovascular event or who died during follow-up were significantly older, had a longer duration of diabetes, higher levels of HbA1c and a higher prevalence of other cardiovascular risk factors (Table 1) . Additionally, MMP-1, MMP-2, MMP-3, MMP-9, MMP-10 and TIMP-1 were higher in this group compared to patients without cardiovascular events or surviving the period of follow-up. Additional file 1: Table S1 shows the baseline characteristics according to nephropathy-no nephropathy status. Additional file 1: Table S2 shows the correlations between five MMPs and TIMP-1.
Associations of MMPs and TIMP-1 with incident CVD
Additional file 1: Figure S2 shows the cumulative hazard plots of cardiovascular events according to tertiles of lnMMPs and lnTIMP-1. After adjustment for age, sex, duration of diabetes, HbA1c and nephropathy, higher levels of MMPs 1, 2, 3 and 9, and TIMP-1 were significantly associated with incidence of cardiovascular events, with a hazard ratio (HR) of 1.51 (95% CI 1.20; 1.91) per 1 SD higher lnMMP-1; 1.65 (1.28; 2.13) for lnMMP-2; 1.47 (1.13; 1.92) for lnMMP-3; 1.44 (1.17; 1.78) for lnMMP-9; and 1.87 (1.40; 2.49) for lnTIMP-1, respectively (Table 2 , model 1). LnMMP-10 was not significantly associated with incident CVD. After further adjustment for other cardiovascular risk factors, antihypertensive treatment 
Associations of MMPs and TIMP-1 with all-cause mortality
Additional file 1: Figure S3 shows the cumulative hazard plots of all-cause mortality according to tertiles of lnMMPs and lnTIMP-1. After adjustment for age, sex, duration of diabetes, HbA1c and nephropathy, higher levels of MMPs 1, 2, 3, 9 and 10, and TIMP-1 were significantly associated with all-cause mortality, 
Associations of MMPs and TIMP-1 with eGFR, lnUAE, LGI and ED
Cross-sectionally and after full adjustment for cardiovascular risk factors, lnMMP-1, -2, -3, -10 and lnTIMP-1 were significantly and inversely associated with eGFR at baseline (Table 4 , model 2). LnMMP-2, -3, -10 and lnT-IMP-1 were significantly and positively associated with lnUAE (Table 4 , model 2).
LGI was significantly associated with lnMMP-1, -9 and lnTIMP-1, and ED was significantly associated with lnMMP-1 and lnTIMP-1 (Table 4 , model 2).
MMP-2 and -3 and eGFR decline during follow-up
The significant associations between lnMMP-2 and incident CVD and between lnMMP-3 and all-cause mortality were attenuated after adjustment for eGFR. To further investigate the role of eGFR in the association between plasma levels of MMPs and TIMP-1 on the one hand and incident CVD and all-cause mortality on the other, we investigated to what extent baseline MMPs and TIMP-1 levels were associated with changes in eGFR during follow-up. In addition, we investigated to what extent changes in eGFR (in addition to baseline eGFR) explained the associations between plasma markers and outcome measures when added to model 2. Follow-up data on eGFR, during follow-up measurements in 2003 [20] , were available in 317/337 patients; 20 patients were excluded because they underwent kidney transplantation during follow-up and no data were available on eGFR pretransplantation (n = 14) or because no follow-up eGFR measurement was available (n = 6). Median follow-up duration was 9. Figure S4 shows the decrease in eGFR per year according to tertiles of all MMPs and TIMP-1 after adjustment for the potential confounders used in model 2 plus baseline eGFR. The decline in eGFR was significantly greater in patients with nephropathy compared to those without (p < 0.001).
In the 317 patients with available data on eGFR during follow-up, the HR for developing CVD per 1 SD higher lnMMP-2 decreased from 1.60 (1.17; 2.18) to 1.40 (1.00; 1.96) after additional adjustment for baseline eGFR. Further adjustment for the decline in eGFR further decreased the HR to 1.36 (0.96; 1.92). This indicates that MMP-2-associated decrease of eGFR may partly explain the association between plasma MMP-2 and incident CVD. Next, in these 317 patients, the HR for allcause mortality per 1 SD increase in lnMMP-3 decreased from 2.04 (1.45; 2.88) to 1.80 (1.22; 2.65) after additional adjustment for baseline eGFR. Further adjustment for the decrease in eGFR did not materially change the HR [1.79 (1.22; 2.62)]. Table 3 Associations between baseline plasma lnMMP-1, -2, -3, -9 and -10 and lnTIMP-1 and all-cause mortality (n=83)
HR hazard ratio for all-cause mortality per 1 SD increase in lnMMP-1, -2, -3, -9 or -10 or lnTIMP-1, MMP matrix metalloproteinase, TIMP-1 tissue inhibitor of metalloproteinase- Associations between plasma lnMMPs and lnTIMP-1 on the one hand and eGFR, lnUAE, LGI and ED on the other differed significantly between patients with and without nephropathy (Additional file 1: Tables S3, S4 ). The associations between plasma lnMMPs and lnTIMP-1 and eGFR and UAE were generally stronger in patients with diabetic nephropathy. Associations between markers of LGI and ED on the one hand and MMPs and TIMP-1 on the other did not differ consistently between patients with or without nephropathy.
Discussion
The present study in type 1 diabetic patients, with a median follow-up of 12.3 years, shows significant associations between higher levels of plasma MMP-2 and incident CVD. In addition, higher plasma levels of MMP-1, -2 and -3 were significantly associated with all-cause mortality. These associations were independent of cardiovascular risk factors, LGI and ED (as expressed by z-scores), but partly dependent on eGFR and changes in eGFR. Despite the widespread correlations between the various MMPs and TIMP-1 (Additional file 1: Table S2 ), we showed specific associations as mentioned previously, which will be further discussed both with regards to current literature, but also on possible pathophysiological mechanisms.
MMPs, TIMP-1 and cardiovascular disease
Higher MMP-2-levels were independently associated with incident cardiovascular events, which is supported by the few studies available in mainly non-diabetic subjects [12, 28, 29] . In patients with atrial fibrillation, higher baseline plasma MMP-2 levels were independently Table 4 Associations between plasma lnMMP-1, -2, -3, -9 and -10 and lnTIMP-1 and estimated glomerular filtration rate, urinary albumin excretion, low-grade inflammation and endothelial dysfunction
The standardized regression coefficient β represents the difference in eGFR (in ml/min/1.73 m associated with cardiovascular events or death during a mean follow-up of 28 months [12] . In a Mexican population, a significant association between the specific MMP-2-1575 A/G polymorphism and occurrence of myocardial infarction has been established [28] . Additionally, in patients with ST-elevation myocardial infarction undergoing percutaneous coronary intervention, higher plasma MMP-2-levels at baseline were associated with increased myocardial infarct size and decreased left ventricular function after four months of follow-up [29] .
Various mechanisms may contribute to MMP-2-mediated macrovascular disease. We hypothesize that the occurrence of macrovascular disease can be enhanced by increased extracellular MMP-2 activity leading to plaque rupture, thrombus formation and vasoconstriction caused by MMP-2-mediated cleavage of vasoactive peptides. This hypothesis is supported by current literature [4, 30] . Additionally, altered MMP-2 activity may trigger cardiovascular pathology by vascular remodeling, i.e. increased migration of smooth muscle vascular cells to the intima, increased fibrosis and decrease of elastin content [3, 31] . Furthermore, MMP-2 leads to sustained thrombus formation by increased platelet activation, adhesion and aggregation [4] .
In our study plasma MMP-1, -3, -9, -10 and TIMP-1-levels were not associated with incident CVD, which is in line with several prospective studies in the general population [32] [33] [34] and in patients with rheumatoid arthritis [35] . In contrast, one study in 1127 patients with stable and unstable angina showed significant associations between higher MMP-9 levels and cardiovascular mortality with a HR of 2.41 (1.26; 4.60) in the upper quartile [13] . The discrepancies with our study can possibly be explained by the differences in study population and by the fact that we used a combined endpoint for fatal and non-fatal CVD. For the combined endpoint of cardiovascular death and nonfatal myocardial infarction in the study by Blankenberg et al. [13] , the unadjusted HR was 1.30 (1.11; 1.52, p < 0.002) with increasing MMP-9 quartiles, but it is not clear whether or not this remained significant after adjustment for potential confounders. In our study we did not show an association between TIMP-1-levels and occurrence of CVD. This is in contrast to a recent study which showed a significant association between plasma TIMP-1-levels and recurrent cardiovascular events in patients suffering from previous myocardial infarction or unstable angina 3-36 months before enrollment [14] . This discrepancy might be explained by the difference in study populations, as in our study patients with prior CVD were excluded. In addition, in our study more adjustments for potential confounders were made compared with the latter two studies.
MMPs, TIMP-1 and all-cause mortality
Baseline MMP-1, -2 and -3-levels were significantly associated with all-cause mortality during follow-up. Stratification according to sex showed that the association between MMP-2 and all-cause mortality was restricted to men. However, the present study can neither explain this sex interaction nor can it exclude the possibility of a chance finding. Thus far, no prospective studies have been published regarding the association between plasma MMPs and all-cause mortality in type 1 diabetic patients. In different study populations higher circulating levels of MMP-1 [15] , MMP-2 [12, 16, 17] and MMP-3 [18, 19] were strongly associated with all-cause mortality in patients with colorectal cancer [15] , myocardial infarction [16, 18] or heart failure [17, 19] . MMP-1 is thought to be involved in cancer progression and invasion [15] , whereas the mechanism by which MMP-3 contributed was not clarified [18, 19] .
Plasma TIMP-1 levels did not show a significant association with all-cause mortality in the total study group and in patients with nephropathy at baseline. In contrast, plasma TIMP-1 was positively associated with all-cause mortality in patients without nephropathy at baseline. However, the observed interaction between TIMP-1 and nephropathy-status should be interpreted with caution as we cannot exclude the play of chance. Previous studies on the association between plasma TIMP-1 and mortality have been conflicting, both no [36] and positive associations [34, 37, 38] have been described. Positive associations between TIMP-1 and mortality were encountered in the general population [34] , patients who underwent coronary angiography [37] and in patients with heart failure [38] . These diverse results do not allow us to draw a solid conclusion on the association between TIMP-1 and all-cause mortality for all study populations. However, in type 1 diabetes, the present study is the first to report on this association.
Certain genetic polymorphisms coding for MMP-1 and MMP-3 have been associated with all-cause mortality [39] . The MMP-1 2G/2G polymorphism has been associated with increased mortality in a 3-year follow-up study in 99 hemodialysis patients and 133 matched controls, HR 2.96 (1.29-6.80). In this study, the MMP-3 6A/6A polymorphism was non-significantly associated with all-cause mortality, HR 3.01 (0.88-10.3) and combined homozygosity of MMP-1 and MMP-3 polymorphisms lead to a HR of 4.69 (1.72-12.8). It is unknown, however, how these polymorphisms influence MMP expression and/or activity and the underlying mechanism of this association thus remains to be further investigated.
Potential mediation through eGFR
The association between plasma MMP-2 and CVD was attenuated after adjustment for baseline eGFR, which explained ~10% of the association. The HR decreased further after adjustment for decline in eGFR during follow-up. This may indicate that eGFR and decline in eGFR play a mediating role in the association between MMP-2 and CVD. In support, MMP-2 has been shown to induce complex alterations characterizing renal tubular epithelial-mesenchymal transformation leading to increased renal fibrosis [40] , which could lead to decreased renal function. Higher plasma MMP-2 levels may also be the result of decreased renal function. However, MMP-2 levels are only minimally dependent on renal clearance due to the molecular weight of MMP-2, which is higher than that of albumin.
The association between MMP-3 and all-cause mortality was also attenuated by eGFR and this explained ~5% of the association. Although MMP-3 was significantly associated with eGFR decline during follow-up, the association between MMP-3 and mortality did not materially change after adjustment for eGFR decline. This makes a mediating role for eGFR in the association between MMP-3 and all-cause mortality less likely. Taken together, these results show that increased plasma levels of MMP-2 and -3, possible due to, but to a greater extent independent of, decreased eGFR are positively associated with CVD and all-cause mortality, respectively.
Limitations
There are several limitations to our study. Firstly, plasma levels of MMP-1, -2, -3, -9, -10 and of TIMP-1 were only determined at baseline. Changes in plasma levels over time, revealing more details about outcome measures, are not known. Secondly, we do not know to what extent plasma levels reflect the local pathological situation at tissue level. Thirdly, we only determined five different MMPs and one of the four known TIMPs, considered to be the most important MMPs and TIMP to contribute to our outcome measures, but we cannot exclude that other MMPs and TIMPs are involved. Fourthly, the non-significant associations between the MMPs/TIMP-1 and outcome measures could be due to lack of statistical power, because of the relatively small number of events. Patients who died during follow-up were classified as cardiovascular unless another cause was established and this could have biased our results towards the null, resulting in underestimation of associations. Finally, the associations between MMPs and TIMP-1 with eGFR changes over time might be weakened by excluding those with renal transplantation during follow-up. Besides these limitations, the current study, with extensive adjustments for potential confounders and mediators, provides additional and consistent information on ECM remodeling by MMPs and TIMP-1 preceding incident CVD and all-cause mortality in a large cohort of patients with type 1 diabetes. These results are generalizable to normo-and macroalbuminuric type 1 diabetic patients. Although microalbuminuric patients were not included in the current study, we have no reason to expect different associations in this group.
Conclusions
In patients with type 1 diabetes followed for a median of 12 years, higher plasma MMP-2 levels are associated with incident CVD and higher plasma MMP-1, MMP-2, MMP-3 are associated with all-cause mortality. These associations are independent of cardiovascular risk factors, low-grade inflammation and endothelial dysfunction. However, baseline eGFR and decline in eGFR during follow-up attenuated the association between MMP-2 and CVD as well as the association between MMP-3 and all-cause mortality; eGFR may thus, in part, mediate these associations.
